The blowfly Chrysomya megacephala, or oriental latrine fly, is the most common human-associated fly of the oriental and Australasian regions. C. megacephala is of particular interest for its use in forensic entomology and because it is a disease vector. The larvae are economically important as feed for livestock and in traditional Chinese medicine. Identification of adults is straightforward, but larvae and fragments of adults are difficult to identify. We collected C. megacephala, its allies Chrysomya pinguis and Protophormia terraenovae, as well as flies from 11 other species from 52 locations around China, then sequenced 658 base pairs of the COI barcode region from 645 flies of all 14 species, including 208 C. megacephala, as the basis of a COI barcode library for flies in China. While C. megacephala and its closest relative C. pinguis are closely related (mean K2P divergence of 0.022), these species are completely non-overlapping in their barcode divergences, thus demonstrating the utility of the COI barcode region for the identification of C. megacephala. We combined the 208 C. megacephala sequences from China with 98 others from public databases and show that worldwide COI barcode diversity is low, with 70% of all individuals belonging to one of three haplotypes that differ by one or two substitutions from each other, reflecting recent anthropogenic dispersal from its native range in Eurasia.
Introduction
The blowfly Chrysomya megacephala (Fabricius), or oriental latrine fly, is the most common human-associated fly of the oriental and Australasian regions (Wall and Shearer 1997) . C. megacephala larvae develop in feces and decomposing flesh and consequently can be found at extremely high density (>95% of flies) under some environmental circumstances, such as locations near fish-processing activities (Wall et al. 2001) . C. megacephala is native to Eurasia but through human action has spread around the world: by December 1975 it was reported from South America (Brazil) (Imbiriba et al. 1977 ) and later became established in New Zealand, Africa (Williams and Villet 2006) , and then in North, South, and Central America via harbours and airports (Wells 1991; Williams and Villet 2006) . It has a reported distribution across the whole of China except for arid high-elevation regions in Xinjiang, Qinghai, and Tibet (Xue and Zhao 1996) .
C. megacephala is of particular importance to humans for a range of reasons: 1) it is considered as one of the most important fly species in the science of forensic entomology (Cai et al. 2005; Goff 2001; Shi et al. 2008; Wu and Hu 2012; Xue and Zhao 1996) ; 2) in traditional megacephala is also a disease vector and is known to lay eggs on human feces and subsequently transmit diseases such as bacterial gastroenteritis if it comes into contact with human food (Sukontason et al. 2007 ). DNA barcoding has been successfully used for the molecular identification of a broad variety of insect taxa, including many Diptera (Nelson et al. 2007; Hernandez-Triana. 2015; Liao et al. Renaud et al. 2012; Rivera and Currie 2009; Schuehli et al. 2007 ), including C. megacephala and the closely related species C. pinguis (Nelson et al. 2012; Ramaraj et al. 2014; Salem et al. 2015) ( . DNA barcoding, usually of a specific region in the mitochondrial cytochrome c oxidase subunit I (COI) gene, generally relies on the observation that intraspecific COI variation is usually lower interspecific variation (Raupach et al. 2014) . Consequently, comparative sequence analyses typically, but not always, reveal a "barcoding gap" ( sequence differences and thereby allow molecular species-level identification of sequences generated from unidentified or unidentifiable samples, such as insect larvae or bloodstains (Hebert et al. 2003 (Hebert et al. , 2004 .
DNA barcoding has been criticized as a single-character typological approach that cannot replace systematic science and will not work for all clades (DeSalle et al. 2005; Ebach 2011; Klausnitzer 2010; Will et al. 2005) . Nevertheless, it has become an important, useful, and increasingly used tool for species descriptions (Butcher et al. 2012; Hendrich and Balke 2011; Stoev et al. 2010; Tamura et al. 2013; Wesener 2012; Wesener et al. 2011) as well as various other biological disciplines Adamowicz 2015), including forensics (Ferri et al. 2009; Meiklejohn et al. 2011 ), pest biology (Engstrand et al. 2010) , Inspection and Quarantine (Liao et al. 2014; Liu et al. 2014; Wei et al. 2014; Yue et al. 2013) , and conservation biology (Neigel et al. 2007; Ward et al. 2008) . Examples are the recommendation of barcoding for identification of flightless weevils in the genus Trigonopterus as a substitute for a traditional morphological key (Riedel et al. 2013) ;
identifying the sources of food substitution or contamination (Cawthorn et al 2012 ) ; identifying the presence of genetically modified organisms (Barcaccia et al 2016 ); and identifying birds "minced" in jet engineers (Wong and Hanner 2008; Grant 2007) . In sum, DNA barcoding has proven both useful and reliable for species identification, particularly for degraded or partial specimens, for many taxonomic groups. This identification is only possible, though, if data from reliably identified specimens are available in public databases.
Adult C. megacephala are easily recognizable by experts, but less so for non-experts, while eggs, larvae, and fragments of adults, all of which may be encountered by pest control or public health workers, cannot be identified morphologically. A related question is whether C.
exhibits any geographic structure that might allow assignment of place of origin to a sample of unknown provenance. Despite the ubiquity and economic importance of this species, C. megacephala barcode sequences, like those of many arthropods, are still poorly represented in public databases. In this study we collected C. megacephala as well as flies from 13 other species seven other genera, from 52 localities around China in order to confirm the utility of DNA commonly co-occurs with C. megacephala and is the closest relative of C. megacephala (Yang, et 2014) . We successfully collected individuals of C. pinguis and report the sequences here. We did identify any C. phaonis specimens from our sampling and therefore cannot yet report C. phaonis barcodes, but adults of C. phaonis are morphologically distinct from C. megacephala (Yang, et al 2014) and it is very unlikely that C. phaonis samples would be confused for C. megacephala. We will report C. phaonis barcode sequences if samples become available in future. We also compared C. megacephala COI barcode sequences from our work with other publicly available C. megacephala sequences to assess whether variation within China is comparable to worldwide variation in this species.
Material and Methods

Sample collection
Adult flies were collected with a sweep net from 52 different localities in China during the summers of 2012 and 2013. As this was not an ecological study, we did not undertake random transects. Instead, to collect as many specimens as possible, we walked continually for up to two hours for a distance of roughly one kilometer, sweeping the nets frequently but also specifically targeting any flies we saw. Adults of all species collected were provisionally identified by morphology（Xue and Zhao 1996；Fan 1992）. We also processed three individuals of Musca domestica that were intercepted in waste paper from California to Zhongshan (Guangdong China), three C. megacephala intercepted in waste paper from Manila, and six C. megacephala intercepted in waste paper from Lima. Specific permission was not required for collecting in these localities, and none of the species collected are endangered or protected. Identified specimens were verified and accessioned in the insect collection of Zhongshan Entry-Exit Inspection and Quarantine Bureau.
DNA barcoding
Genomic DNA extraction and PCR amplification
When available, we selected three specimens of each species at each collection locality for molecular analysis. A hind leg was removed from each specimen and placed in a 1.5 ml Eppendorf D r a f t gen-2015-0174.R2 6 tube with 95% ethanol. All instruments used to remove leg tissues were cleaned with 70% ethanol and flame sterilized between manipulation of each specimen. DNA was extracted from tissue following the standard protocols of the TIANamp Genomic DNA Kit (DP304, TIANGEN). The barcode region of COI was amplified using primer pair of LCO1490 and HCO2198 (Folmer et al. 1994 ).
Polymerase chain reactions were conducted in a 50 µl volume: 10× Taq polymerase buffer 5 µl, dNTP (2.5 mM each) 2 µl, primer (20 µM) 1 µl each, Taq polymerase (5 U/µl) 0.5 µl, DNA template 100 ng, add ddH 2 O up to 50 µl. All PCR reagents were from TIANGEN (Beijing).
Reaction conditions were 95℃ 3 min; 95℃ 45 s, 50℃ 45 s, 72℃1 min, 34 cycles; 72℃ 10 min. PCR product purification and sequencing PCR products were purified and cloned as previously described: three colonies from each cloned PCR product were sequenced from both ends, and a consensus sequence from each clone was used for all analyses . Sequencing was successful for all individuals attempted.
Additional sequences
In addition to the sequences we generated from flies caught for this study, we also searched the
Barcode of Life Data Systems (BOLD, Ratnasingham and Hebert 2007) public data portal for
Chrysomya megacephala COI sequences and identified 98 sequences that included the barcode region, as generated for this study. The BOLD portal includes all current C. megacephala sequences in GenBank. BOLD accession numbers for these sequences are listed in supplemental information (Table S1 ). Only eight of these 98 sequences included latitude and longitude coordinates of the collection site. Eight of the sequences were incomplete at the 5' end: three were missing three bases and five were missing 13 bases. These were encoded as missing. (Renaud et al. 2012) . We generated Kimura two-parameter (K2P) distances using the default parameters (transitions + transversions, gamma distribution) for the entire data set. Pairwise distance calculations in Mega ignore missing bases so some pairwise distances used slightly shorter total sequence lengths to calculate pairwise distances. We tested other distance models and note that our results were extremely robust and not sensitive to changes in the model used.
We used Microsoft Excel to tally the number of distance pairs in selected range intervals for a data set with C. megacephala and the two sympatric species whose barcode regions proved most similar to it: C. pinguis and Protophormia terraenovae. Our method allows changing the size of each interval, and again our results were robust over different interval ranges, merely changing the number of columns in each output chart. Network diagrams were constructed for C. megacephala sequences with PopART (Leigh and Bryant 2015) .
To further explore the relationships between C. megacephala, C. pinguis, and P. terraenovae
we also undertook a phylogenetic analysis using a dataset in which each haplotype was as a single sequence. This dataset included 53 unique C. megacephala, 11 C. pinguis, and 8 P.
terraenovae haplotypes, with a single Achoetandrus rufifacies sequence used as the outgroup. A maximum likelihood analysis was performed using Mega 6.06 using the T92+G model, which model testing within Mega 6.06 identified as the best model for these data using the criterion of lowest Bayesian information criterion (BIC) score. Additionally, we used Mega 6.06 to generate 1000 neighbor-joining bootstrap replicate distance trees, using maximum likelihood distance matrices generated using the same T92+G model.
Results
We sequenced the COI barcode region of 645 fly specimens from 14 species in three families, and Protophormia terraenovae, all from the Calliphoridae. C. pinguis is believed to be the closest relative of C. megacephala in China (Yang et al. 2014) , and the evidence from the work reported here supports this conclusion, but we note that COI barcode sequences are not yet available for the less common C. phaonis.. A. rufifacies, C. megacephala, and C. pinguis are all classified within the subfamily Chrysomyinae, while P. terraenovae is classified in a separate subfamily, the Phormiinae, but mean K2P distances between C. megacephala and A. rufifacies were 0.07, with a range of 0.065 to 0.08, about 15% greater than the distances between C. megacephala and P.
terraenovae. Therefore, our subsequent distance analyses use P. terraenovae as a third species rather than A. rufifacies.
Sequences from the other 11 species are reported here and have been submitted to GenBank, are not otherwise analyzed due to relatively small numbers of sequences and to their taxonomic D r a f t gen-2015-0174.R2 9 distance from C. megacephala, which is the focus of this paper. Table 1 lists all species and the number of individuals sequenced. Collection information and GenBank accession numbers for all sequenced specimens are summarized in supplemental Table S2 .
Interspecific variation in Chrysomya megacephala, Chrysomya pinguis, and Protophormia terraenovae in China
A primary goal of this work was to determine whether fly larvae and other difficult-to-identify samples-such as fragments of adult bodies-can be identified using mitochondrial COI barcode sequences. We tested the practical utility of barcoding for identifying specimens to the species level using pairwise comparisons between all individuals of C. megacephala and each of the two other sympatric species with the most similar COI barcoding regions: C. pinguis and P.
terraenovae ( terraenovae into three distinct clades with 99 percent bootstrap support, further confirming the utility of the COI barcode region for distinguishing these three species. Barcode sequences from the other 11 species that we collected are significantly different, and readily differentiated, from those of C. megacephala and are not further discussed.
Intraspecific variation in Chrysomya megacephala
The analysis above demonstrated that COI barcode sequences differentiate C. megacephala from its close relative in China. To understand whether C. megacephala exhibits any geographic structure that might allow assignment of place of origin to a sample of unknown provenance, we assembled and analyzed two datasets, one with the 208 C. megacephala sequences including 37
haplotypes from individuals captured for this study and a second expanded dataset with those 208 sequences as well as 98 more from the BOLD database to examine this question.
In the network diagram six of the haplotypes were represented by 5 or more specimens, with one including 97 specimens-almost half of the entire dataset, and two others with 37 and 11 identical specimens (Fig. 3a) . These three haplotypes, differing by only one or two base pairs, include 70% of the entire dataset. Five haplotypes were represented by three individuals, one was observed from two individuals, and 24 were singletons. The network diagram shows that most of the sequences are just a few mutation steps away from one of the three large haplotype groups.
There is some possible geographic structure, as individuals from Hainan and the southwest (Sichuan and Yunnan) do not appear in the 37-member haplogroup or its near neighbours.
However, there are no diagnostic haplotypes that would clearly identify an individual as belonging to a certain geographic area, and the sample sizes from Hainan (11 individuals) and the southwest (9 individuals) are too low to confirm this observation for these regions. We cannot conclude at present that COI barcodes are useful for identifying the geographic origin of C. megacephala within China. Given the relatively small sample sizes (excepting Malaysia_Singapore) this result is not surprising, particularly since C. megacephala is an introduced species in Egypt, Australia, and the Americas and may have reduced mitochondrial diversity due to founder effects. Nevertheless, the overall similarity of the networks in Fig. 3a and Fig. 3b suggests that we have in these data captured most of the worldwide diversity within the COI barcode region for C. megacephala. C. megacephala has been reported throughout China, from the plains of the eastern coastal areas to the Inner Mongolian plateau and into the hills and mountains bordering the Tibetan plateau: that is, all provinces except for Xinjiang, Qinghai, and Tibet (Xue and Zhao 1996) . Lack of records from these three provinces may be due to inadequate sampling during periods when this fly is active, as was found to be true in South Africa (Williams and Villet 2006 Our results confirm previous work (Xue and Zhao 1996) that C. megacephala does not occur in the far western, northwestern, or northern border regions of China. These are regions of extreme cold, little rainfall, and, in the far west, of high elevation, suggesting that this species cannot survive low temperatures, arid conditions, or both.
The primary goal of this study was to determine whether C. megacephala, which is an economically and forensically important fly, can be unambiguously identified in China using the COI barcoding region. Our results show that both C. megacephala and C. pinguis, its closest relative in China, are easily distinguished using the COI barcode region, with no overlap between the intra-and inter-specific distributions (Fig 2) .
We were interested in whether the three C. megacephala individuals from Manila and six from Lima that were intercepted at the port of Zhongshan were identifiably different from other flies in China, but all nine belonged to the most common COI haplotype. This is a clear indication of the cosmopolitan distribution and recent anthropogenic dispersal (Imbiriba et al. 1997; Wall et al. 2001; Wells 1991) .
The two other calliphorids closest to the two Chrysomya spp. among the species sampled here, Achoetandrus rufifacies and Protophormia terraenovae, are also easily identified using the barcoding region, with well over 5% divergence between these and either Chrysomya spp.
Interestingly, A. rufifacies is currently classified in the same subfamily, the Chrysomyinae, as
Chrysomya spp., but in fact the COI sequences of P. terraenovae, currently assigned in the subfamily Phormiinae, were more similar to those of the two species of Chrysomya than were those of A. rufifacies. Given the small number of individuals of A. rufifacies and P. terraenovae, and the short length of the COI barcoding region, this result is not definitive, but does suggest that additional work on the phylogeny of the Chrysomyinae might be warranted.
Comparison of the network diagram showing C. megacephala collected in China (Fig. 3a) to
that showing worldwide C. megacephala (Fig. 3b) suggests that variation in the barcode region we observed within China includes most of the variation seen worldwide for this species, and we hypothesize that additional sequencing for this species will not expand the network significantly.
Again, though, sample sizes and geographic sampling were low outside of China, so additional work is needed to reach a definitive conclusion. Nevertheless, given the very high frequency of three very closely related haplotypes, it is clear that most samples from C. megacephala collected from anywhere in its worldwide range should be unambiguously identifiable using the tools available on the Barcode of Life Data Systems portal or even with a standard BLAST search. In fact, our results suggest that a majority of all collected individuals would have one of the three most common sequences.
Fieldwork is time consuming and expensive, and collecting by sweep net is imprecise, so our collections, as described above, included hundreds of individuals from a number of other species.
The number of individuals from each of these other species was too low for the robust analysis that we have presented for C. megacephala, but these samples are, nevertheless, important additions to the corpus of publicly available barcodes from Chinese insects. Barcodes were generated from a single leg of each individual and released publicly (Table S2) 
Figure captions
Fig. 1. Collecting localities of Chrysomya megacephala and other Diptera in China. The 42 solid circles are the localities where C. megacephala were found, the ten empty circles are the localities, at high altitude on the Tibetan Plateau, in arid areas near the Mongolian border, and in low temperature areas near the Russian border, where we searched for but did not find C. megacephala. Map data ©2015 Google. Fig. 2 . Kimura two-parameter (K2P) pairwise sequence distances of the 658 bp COI barcoding region between 208 individuals of Chrysomya megacephala, 36 C. pinguis, and 13 Protophormia terraenovae (Cmeg, Cpin, and Pter) collected in China. These included nine individuals intercepted at the port of Zhongshan: six from Lima, Peru and three from Manila, the Philippines as those individuals were collected in China. The maximum K2P distance between two C. megacephala is 0.011, while the minimum between C. megacephala and C. pinguis is 0.016. The mean Cmeg/Cmeg distance is 0.0028, while the mean Cmeg/Cpin distance is 7.9-fold greater at 0.0220. It is clear that sequences of the COI barcode region are sufficient to distinguish biological material from these two species. Distances to P. terraenovae are considerably greater, as were pairwise distances for other collected flies (data not shown). Fig. 3 . Minimum spanning network diagrams for Chrysomya megacephala for the 658 bp COI barcode region. Minimum spanning networks were created using PopART, with epsilon of 0. Both data sets are robust in that nearly identical topologies are produced regardless of which network algorithm is used. (a) Network showing 208 sequences collected in China. Collection sites were assigned to one of seven regions within China and encoded in a nexus traits block. The nine sequences intercepted at the port of Zhongshan (six from Lima, three from Manila), all sharing the same most common haplotype, were assigned to the Fujian-Guangzhou-Guangxi region where they were collected. Numbers next to regional name indicate number of sequences from that region. Each circle represents one or more identical sequences, with circle size proportional to the number of sequences. Numbers beside larger circles indicate number of sequences within that group. Branch lengths and angles are arbitrary: each hash line across a branch indicates a single mutation. The maximum path length across the network is 11 mutations. Colors indicate geographic origin of the sequences within each group. Sequences from northern and central China (the top five regions in the key) occur throughout the network. However, individuals from Hainan occur only within, and branching from, the 97-sequence group, while individuals from Sichuan and Yunnan occur only within the 97-sequence group and branching from the 11-sequence group at the top center. from China, Malaysia, and Egypt. Most of the variation in the data is within the flies we collected in China, as expected given the larger relative sample size and the widespread collection locations. D r a f t Fig. 1 . Collecting localities of Chrysomya megacephala and other Diptera in China. The 42 solid circles are the localities where C. megacephala were found, the ten empty circles are the localities, at high altitude on the Tibetan Plateau, in arid areas near the Mongolian border, and in low temperature areas near the Russian border, where we searched for but did not find C. megacephala. Map data ©2015 Google.
128x91mm (300 x 300 DPI) D r a f t Fig. 2 . Kimura two-parameter (K2P) pairwise sequence distances of the 658 bp COI barcoding region between 208 individuals of Chrysomya megacephala, 36 C. pinguis, and 13 Protophormia terraenovae (Cmeg, Cpin, and Pter) collected in China. These included nine individuals intercepted at the port of Zhongshan: six from Lima, Peru and three from Manila, the Philippines. The maximum K2P distance between two C. megacephala is 0.011, while the minimum between C. megacephala and C. pinguis is 0.016. The mean Cmeg/Cmeg distance is 0.0028, while the mean Cmeg/Cpin distance is 7.9-fold greater at 0.0220. It is clear that sequences of the COI barcode region are sufficient to distinguish biological material from these two species. Distances to P. terraenovae are considerably greater, as were pairwise distances for other collected flies (data not shown).
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Minimum spanning network diagrams for Chrysomya megacephala for the 658 bp COI barcode region. Minimum spanning networks were created using PopART, with epsilon of 0. Both data sets are robust in that nearly identical topologies are produced regardless of which network algorithm is used. (a) Network showing 208 sequences collected in China. Collection sites were assigned to one of seven regions within China and encoded in a nexus traits block. The nine sequences intercepted at the port of Zhongshan (six from Lima, three from Manila), all sharing the same most common haplotype, were assigned to the Fujian-GuangzhouGuangxi region where they were collected. Numbers next to regional name indicate number of sequences from that region. Each circle represents one or more identical sequences, with circle size proportional to the number of sequences. Numbers beside larger circles indicate number of sequences within that group. Branch lengths and angles are arbitrary: each hash line across a branch indicates a single mutation. The maximum path length across the network is 11 mutations. Colors indicate geographic origin of the sequences within each group. Sequences from northern and central China (the top five regions in the key) occur throughout the network. However, individuals from Hainan occur only within, and branching from, the 97-sequence group, while individuals from Sichuan and Yunnan occur only within the 97-sequence group and branching from the 11-sequence group at the top center. . These sequences included six additional individuals from China, but for this network we assigned the six sequences originating in Manila and the six originating in Lima, but intercepted at Zhongshan, to their country of origin as representatives of genotypes that are present in the Philippines and Peru. Again, all nine share the most common haplotype. As in (a) individuals from all countries are present in the largest haplogroup. The second largest haplogroup is limited to flies from China, Malaysia, and Egypt. Most of the variation in the data is within the flies we collected in China, as expected given the larger relative sample size and the widespread collection locations.
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